Abstract: Allene-(E)-ene-yne N-tosyl tethered substrates 3a-3h were efficiently prepared and their rhodiumcatalyzed
Introduction
The development of efficient and sustainable syntheses for organic molecules of all shapes and sizes is having a tremendous impact on a wide range of scientific areas, including biomedicine and the production of new drugs, agrochemical products and new materials. The transition metal-catalysed [2+2+2] cycloaddition reaction of three unsaturated partners [1] offers efficient, atom-economical pathways to a variety of complex carbo-and heterocyclic derivatives.
Among the range of unsaturations that can be involved in [2+2+2] cycloadditions, allenes [2, 3] have shown great versatility. [4] They are less reactive than alkynes, but allow sp 3 containing sixmembered rings to be constructed, opening the door to the enantioselective synthesis of compounds with central chirality . Furthermore, after cycloaddition there is still one unreacted double bond that can be used in subsequent reactions. Despite the progress achieved in this field, [4] there is still room for improvement, especially regarding the control of selectivity. By obtaining a better understanding of aspects governing the selectivity of these processes, we should be able to apply rational criteria to improve them.
Our research group has explored the rhodium-catalyzed [2+2+2] cycloaddition reaction of linear allene-ene-allene and allene-yneallene derivatives. [5] The Wilkinson's complex was able to promote the cycloaddition chemoselectively, involving only the internal double bonds of the two allenes, and diastereoselectively.
[5a] The reaction mechanism was studied for the allene-ene-allene substrate by means of DFT calculations. The process involved an initial oxidative addition between the proximal double bond of the allene and the alkene, forming a cis ring fusion. Although allenes are more reactive than alkenes in [2+2+2] cycloaddition reactions, entropically favoured allene-alkene oxidative addition was preferred. Furthermore, the proximal double bond of the allene, which has a molecular orbital with greater energy, was selectively reacted in this first step. The reaction continued by the insertion of the proximal double bond of the second allene unit to afford a rhodacycloheptane intermediate that evolved, by reductive elimination, to the final cyclohexane adduct. When optically active substrates, bearing a substituent in the α-position of the allene, were reacted under the Wilkinson's complex catalysis, a highly diastereoselective reaction occurred resulting in the production of enantiomerically pure polycycles.
[5b]
Since the chemoselectivity of the [2+2+2] cycloaddition reaction is especially compromised when three different unsaturations are combined in a reaction, we were interested in studying [2+2+2] cycloaddition reactions using the three different carbon-based unsaturations -an allene, an alkene and an alkynetogether. Only two previous examples have been reported evaluating this type of processes (Scheme 1), both in a completely intramolecular manner. Saito, Sato et al. [6] have described the [Cp*RuCl(cod)]-catalysed completely intramolecular [2+2+2] cycloaddition reaction of allene-yne-enes, which diastereoselectively affords fused-tricyclic skeletons with two stereogenic centres. M ukai et al. [7] polycyclic products with three contiguous stereogenic centres. In both studies, [6, 7] a plausible mechanism is proposed involving oxidative addition between the allene and the alkyne, which are in contiguous -and thus entropically favoured -positions in the linear substrate. In the course of our ongoing programme based on the synthesis of polycyclic structures, [8] we designed the present project aimed at reacting allene-ene-yne substrates in which the oxidative addition of the alkyne and the allene is not geometrically favoured (Scheme 1). Apart from the synthetic interest in the tricyclic scaffolds with three contiguous stereogenic centres that can be synthesized, we also wanted to study the process mechanistically , paying special attention to the order of reactivity of the three unsaturations in the [2+2+2] cycloaddition reaction.
Results and Discussion
S ynthesis of allene-ene-yne substrates: In order to evaluate the reactivity of allene-ene-yne scaffolds in the completely intramolecular [2+2+2] cycloaddition reaction, a synthesis for eight model substrates 3 was designed. This was based on the nucleophilic substitution of bromoallyl derivatives 1 with Ntosylallenes 2 using potassium carbonate as a base in refluxing acetonitrile (Scheme 2). Variations were introduced at the tether (Ntosyl (NTs) or oxygen (O)) and either at the terminal position of the triple bond (R 1 = H, M e, Et) or the allene (R 2 = H, i Pr, Ph), or both (Scheme 2) (see SI for details on the synthesis of 3). Scheme 2. Allene-ene-yne substrates used in this study (NTs = p-toluenesulfonyl) .
Cycloaddition reactions: After preparation of the substrates, the feasibility of the cycloaddition was assessed with allene-ene-yne 3a ( Table 1 ). The substrate was first treated with the Wilkinson's catalyst (A) in toluene at 100ºC. A mixture of two inseparable diastereoisomers in 8:2 ratio was isolated with an overall 56% yield (Entry 1, Table 1 ). The reaction was completely chemoselective with cycloaddition taking place only on the internal double bond of the allene. The two diastereoisomers differ in the 6:5 ring fusions that can either be syn or anti (relative orientation of H a and H b in Figure 1 ). After a complete chemical shift assignment (see SI), it could be inferred that the protons placed in syn orientation display a smaller coupling constant ( 3 J Ha-Hb = 5.6 Hz) than in the anti orientation ( 3 J Ha-Hb = 10 Hz) (Figure 1 ), which provided a straightforward identification of the two diastereoisomers. Ethanol was tested as the reaction solvent to provide a more polar media (Entry 2, Table 1 ), but it only caused the degradation of the substrate. p-Xylene was also tested to increase the reaction temperature to 130 ºC. However, due to decomposition processes, the yield of the cycloadduct was lower (Entry 3, Table 1 ). Given that no improvement could be achieved by changing the reaction media, further optimization was again attempted in toluene. Neither the use of a microwave heating source, nor the addition of AgBF 4 to the reaction mixture to render the catalytic system cationic, led to any improvement. The addition of an excess of triethylamine [8i, 9] to stabilize the catalyst or generate more active species also proved unsuccessful (Entry 4, Table 1 ). [a] Entry Catalytic system Solvent, T (ºC), time Yield (%) 4 [b] d.s. [b] syn:anti [a] A solution of the catalytic system (10 mol %) was added to 3a (0.03 M) and the reaction was heated to the temperature noted in the table.
[b] The two diastereoisomers were obtained as an inseparable mixture and their ratio was determined by 1 H-NMR.
[c]
8% o f starting material was re covered at the end o f the re action.
The combination of bisphosphine ligands and a cationic rhodium source was then studied as the catalytic system for the cycloaddition of 3a. Phosphines such as (R)-H 8 -BINAP, (R)-BINAP, and (R)-tol-BINAP in combination with cationic rhodium complex [Rh(cod) 2 ]BF 4 were tested in several solvents (dichloroethane and chlorobenzene) and temperatures were raised from room temperature to 100ºC but in no cases did a reaction take place. However, when (R)-DTBM -SegPhos was tested in dichloroethane at 60ºC, cycloaddition took place giving a 31% yield of the syn4a:anti-4a diastereoisomeric mixture in a 7:3 ratio (Entry 5, Table  1 ). Lower yields of the cycloadducts 4 were obtained with lower diastereoselectivities when the reaction temperature was increased (Entry 6, Table 1 ). We also checked the enantioselectivity of the process using chiral HPLC. Unfortunately, no enantioinduction was obtained for the major diastereoisomer syn-4a and consequently the enantioselectivity study was abandoned.
The dimeric rhodium complex [RhCl(CO) 2 ] 2 (C) was then tested in our model cycloaddition reaction to see the effect of a change from phosphine to carbonyl ligands on rhodium. By running the reaction in toluene at different temperatures (Entries 7 and 8, Table  1 ), the diastereoisomeric mixture of cycloadducts 4a was efficiently obtained. Surprisingly, the cycloadduct with an anti 5,6-ring fusion (anti-4a) was now the major diastereoisomer formed. The yield increased with the temperature but concurred with a slight decrease in the diastereoselectivity. Further increase in the temperature did not improve the reaction.
Since the rhodium sources gave complementary results in terms of selectivity, we decided to check the scope of the process using the three catalytic systems. The optimized conditions found for each catalytic system were applied to the array of allene-ene-yne scaffolds synthesized (Scheme 3).
All compounds except for 3f react in the cycloisomerization reaction at least under the influence of one of the catalysts tested. The lack of reaction of 3f is unexplained since 4g, which was also substituted both in the alkyne and allene ends, reacted with great efficiency. The best results in terms of yields were obtained for the substrate featuring an i-propyl substituent at the allene end (3d and 3g). When comparing the results for the three different catalytic systems, it is seen that the neutral rhodium catalytic systems (A and C) react more efficiently than the cationic one (B), which only affords moderate yields of the cycloadducts that are substituted only in the alkyne (4b and 4c) or allene (4d and 4e) terminus. The substrates substituted at both ends (3f and 3g) as well as the one with an oxygen tether (3h) failed to react under the catalysis of a mixture of [Rh(cod) 2 ]BF 4 and (R)-DTBM-SegPhos, most likely due to steric hindrance. As a general trend, Wilkinson's catalyst (catalytic system A) displays a higher selectivity for the syn cycloadduct. When methyl and ethyl substituents were placed at the terminus of the alkyne group (4b and 4c), pure syn diastereoisomers were obtained in moderate yields. It seems that stereoselectivity is reduced when the steric hindrance of the groups on the unsaturation ends is increased. On the other hand, the [RhCl(CO) 2 ] 2 is only moderately selective towards the anti cycloadduct in most of the cases, although there are a couple of exceptions. As noted before (Entry 9, Table 1 ) it is highly selective towards the anti-4a when the unsubstituted substrate 3a is reacted and, quite surprisingly, is highly selective for the syn-4b cycloadduct when a methyl substituent is placed in the alkyne terminus (3b).
Mechanistic study: After exploring the reactivity of the alleneene-yne substrates from the experimental point of view, we decided to investigate computationally the reaction mechanism of the [2+2+2] cycloaddition reaction of 3a catalysed by RhCl(PPh 3 ) 3 ] and [RhCl(CO) 2 ] 2 to yield diastereoisomers syn-4a and anti-4a. To this end, we performed density functional theory (DFT) calculations at the B3LYP-D3/cc-pVDZ-PP level (see Computational M ethods for more details).
The mechanism postulated for the [2+2+2] cycloaddition reaction of three alkynes entails two key steps (Scheme 4). [10] First, the oxidative addition that takes place between two of the alkyne ligands initially coordinated to the metal centre. Second, the insertion of the last alkyne already coordinated to the metal to generate a metallacycloheptatriene intermediate in a Schore's mechanism. [11] Depending on the catalysts used, type of unsaturations, and experimental conditions, this second key step can also proceed via a metal-mediated [4+2] cycloaddition to yield a metallanorbornadiene intermediate or a [2+2] cycloaddition to give a metallabicyclo [3.2.0] heptatriene. In a subsequent step, the intermediate formed suffers a ring closure through a reductive elimination process. Finally, the catalytic cycle is completed with the recovery of the catalyst and release of the product. For those [2+2+2] cycloaddition reactions in which unsaturations other than alkynes participate, the same general mechanism is postulated to take place but with some particularities. In our specific case, it was necessary to determine the order in which the unsaturations participate in the catalytic cycle (i.e., whether the oxidative addition occurs between the alkyne and the alkene, between the alkyne and the allene, or between the alkene and the allene). M oreover, it is important to discuss the diastereoselectivity experimentally found when Csp 2 -containing unsaturations are involved. In order to shed more light on which catalytic species participated in each of the processes catalysed by [RhCl(PPh 3 ) 3 ] and [RhCl(CO) 2 ] 2 , we undertook several empirical tests intended to determine the ligands present in the rhodium coordination sphere.
Let us start with the mechanism for the cyclization catalysed by [RhCl(PPh 3 ) 3 ]. Active species in the cycloaddition reaction catalysed by Wilkinson's catalyst are generated after PPh 3 release. In order to determine how many PPh 3 units are coordinated to the Rh centre in the catalytically relevant species, we took advantage of the presence of phosphorus atoms in Wilkinson's catalyst to monitor and detect these species by NM R spectroscopy . When either catalytic or stoichiometric mixture of substrate 3a and Wilkinson's catalyst in toluene-D 8 was introduced to the NMR spectrometer and analysed at room temperature in a sealed NM R tube, the formation of two new products (in a 1:0.8 ratio) was observed both by 1 H and 31 P{ 1 H} NM R spectroscopy (see Figure 2a and the SI for full experimental details and spectra). Each species gave a doublet in the 31 P NM R spectra, at 31.93 ppm ( 1 J P-Rh = 126.6 Hz) and 33.40 ppm ( 1 J P-Rh = 127.0 Hz), respectively. We postulated that they corresponded to coordination species containing only one triphenylphosphine ligand and carried out 2D NM R experiments such as 1 H-1 H COSY, DOSY and 1 H-31 P HM BC to fully characterize them. Key to the assignment was the analysis of the 1 H-31 P HM BC, which showed cross-peaks between the P and both the terminal alkyne and the allenic protons in the two species (see Spectra SII-5 in the SI), allowing us to conclude that both species correspond to rhodium complexes containing one triphenylphosphine ligand coordinated to the alkyne and the two double bonds of the allene moieties of the substrate.
In order to shed more light on their identity, B3LYP-D3/ccpVDZ-PP calculations were undertaken to find the most stable coordination species including one PPh 3 unit. As a result of these, we were able to establish the relative stability order of the coordinated species (Scheme 5). The two lowest-in-energy species (A0a and A0b) consist of two compounds in which the rhodium is coordinated to the alkyne and to the distal double bond of the allene. These two new coordinations replace two of the triphenylphosphine ligands of the initial Wilkinson catalyst. Attempts to optimize complexes in which the allene was coordinated with the internal double bond invariably led to the isomerization of coordination to the distal double bond. The two species differ in the relative orientation of the ligands in the square-planar coordination sphere of the coordination compound ( Figure 3) . The next two species A0c and A0d are located at 2.0 and 5.4 kcal mol -1 higher in energy respectively, compared to the lowest in energy A0a species. These geometries consist of the coordination of the alkyne and alkene motifs to the rhodium centre and are differentiated by the opposite configuration of the alkene. Taking the experimental and computational data together, A0a and A0b were assigned as the two species that are experimentally detected. The calculated small energy difference of 0.8 kcal mol -1 between A0a and A0b concurs with the similar amounts of these compounds that are detected experimentally. Furthermore, analysis of the NOESY spectra showed exchange cross-peaks indicating that these species are in slow equilibrium in the NM R time scale (see the SI for spectra and equilibrium scheme). The sample was then heated inside the NM R spectrometer to 353K and periodically monitored by 1 H and 31 P{ 1 H} NM R spectroscopy ( Figure 2) . No change was observed from 298K to 333K, but when the reaction was gradually heated to 353K , the two doublets corresponding to A0a and A0b started to vanish, the PPh 3 signal broadened and no clear signal appeared. Our interpretation of these results is that the catalytically active species might not have coordinated phosphine and that [RhCl(PPh 3 ) 2 ], which is detected in the reaction media towards the end of the reaction, acts as a resting state for the rhodium.
Based on the precedents in our research group [10d] and the results of the NM R study, we decided to analyse catalytically active species containing one or no triphenylphosphine ligands coordinated to the rhodium centre. In Scheme 6, the Gibbs energy profiles of the most favourable pathways leading to syn-4a and anti-4a from 3a under [RhCl(PPh 3 ) 3 ] catalysis are depicted. Oxidative addition from either A0a or A0b would lead to a cycloadduct that is regioisomeric to the ones that were isolated and, therefore, direct oxidative addition was not considered from these experimentally detected intermediates. Oxidative addition from either A0c or A0d was evaluated but high energy barriers (ΔG ‡ = 49.2 kcal mol -1 and ΔG ‡ = 39.7 kcal mol -1 , respectively) were found and so these pathways were ruled out. Instead, the endergonic loss of the PPh 3 ligand from A0a and A0b was considered to generate A1, from which a somewhat lower barrier for the oxidative addition was calculated to be 37.2 kcal mol -1 .
Although A1 has a lower energy barrier in the oxidative addition than A0d, the barrier obtained is still too high to explain experimental outcome. However, a lower energy pathway for the oxidative addition was found by the coordination of the allene moiety to the metal centre to yield A2a or A2b. The main difference between A2a and A2b is the orientation of the allene group that is ca. perpendicular to the Rh-Cl bond in A2a and parallel in A2b (see Figure 4 ). As expected from the molecular orbitals of a d 8 ML 4 fragment, [12] these two orientations lead to complexes with a small energy difference. The different orientation of the allene fragment is important because it places the H atom of the internal allene in the right position to provide syn-4a (A2a) or anti-4a (A2b) products. Oxidative addition from A2a through TS (A2a,A3a) and from A2b via TS (A2b,A3b) have Gibbs energy barriers of 30.6 kcal mol -1 and 31.7 kcal mol -1 , respectively. The two oxidative addition processes leading to A3a and A3b are exergonic by 1.0 kcal mol -1 and endergonic by 3.1 kcal mol -1 , respectively. We then proceeded to evaluate the insertion step. From intermediates A3a and A3b, several possibilities emerge for the insertion of the internal double bond of the allene group. Attacks leading to rhodacycloheptene were computed for the insertion of the allene into a Rh-C(sp 3 ) or Rh-C(sp 2 ) bonds. M oreover, a rhodanorbornane intermediate could also be generated through a Diels-Alder-like TS. However, despite many attempts, we were unable to locate either the TS or the rhodanorbornane intermediate for the Diels-Alder-like attack. By comparing the energy barriers for the remaining cases, we observed a clear preference for the insertion taking place on the Rh-C(sp 3 ) bond. TS(A3a,A4a) and TS (A3b,A4b) shown in Figure 5 had the two lowest energy barriers with ΔG ‡ = 14.4 kcal mol -1 and ΔG ‡ = 7.5 kcal mol -1 , respectively.
The following step is the reductive elimination and involves the formation of the C-C bond that affords the final cyclohexene ring η 4 -coordinated to RhCl. The energy barriers found for such process were computed to be ΔG ‡ = 25.5 kcal mol -1 and ΔG ‡ = 15.6 kcal mol -1 for TS (A4a,A5a) and TS (A4b,A5b), respectively. In both pathways, the highest energy barriers are associated to the oxidative addition step and so the rate-determining step for this route resides at the beginning of the process.
The overall reaction is exergonic by 71.6-74.6 kcal mol -1 and the energy span between the turnover frequency (TOF) determining intermediate (TDI) and TOF determining TS (TDTS) [13] is 30.6 kcal mol -1 and 31.7 kcal mol -1 for pathways leading to syn-4a and anti-4a, respectively.
Further support for the mechanism being comprised of phosphinefree intermediates was gained by running the cycloaddition reaction using [RhCl(ethylene) 2 ] 2 as a catalyst. syn-4a and anti-4a were obtained in a 41% yield (2.5 : 7.5 d.r.) after heating a solution of 3a in toluene to 100ºC for 1h with this catalyst. This result indicated that the reaction can take place in the absence of PPh 3 ligands and probably through the same catalytic intermediates, since the ethylene ligand can easily be released due to its lability when the substrate enters the coordination sphere of the rhodium centre.
We then turned our attention to the [RhCl(CO) 2 ] 2 catalyst, which was observed to afford the opposite diastereoisomeric ratio when 3a is employed. Once again, the study was begun by running an empirical test to obtain more information about the coordination sphere of the metal centre. In the case of the [RhCl(CO) 2 ] 2 , we decided to use electrospray ionization mass spectrometry (ESI-M S) in order to propose a structure for the catalytically active species. [14] With this aim, we set up the reactions that afford 4a and 4d under the optimized conditions and several aliquots were sequentially taken from the reaction crude and analysed by ESI-M S. After some optimization, we found that best sensitivity was obtained by mixing the aliquots taken from the reactions with a solution of LiCl 0.01M in methanol prior to injection and analysis in the negative ion mode. [15] When 3a was employed, two peaks at m/z = 684.8 and m/z = 656.9 were detected, which were assigned to [RhCl(3a) At this point we performed a similar computational analysis of the different possible pathways that could lead to the observed compounds. Taking into account the precedents found in the literature [16] and the ESI-M S results, we considered the monomeric form of the catalyst, i.e., RhCl(CO) 2 . The analysis began by analysing the different possibilities regarding the coordination of the allene, alkene, and alkyne moieties to the rhodium centre. In addition to this, we also computed the different intermediates and TSs that can intervene, depending on the number of carbonyl ligands involved: none, one or two.
The proposed mechanism ( Scheme 7) starts with the coordination of the alkyne and alkene unsaturations to the rhodium centre with two carbonyl ligands and the chloride (B1). From this point onwards, the intermediate can afford the rhodacyclopentene intermediate B3 surmounting an energy barrier of ΔG ‡ = 15.1 kcal mol -1 for this oxidative addition process. As in the previous case, the oxidative addition between the alkene and the alkyne was the most favourable. Even though B2, which could be obtained from B1 after releasing a CO ligand, is a more stable intermediate by 8.1 kcal mol -1 , we computed that the corresponding TS (B2,B3') is located at ΔG ‡ = 26.8 kcal mol -1 , allowing this alternative path to be discarded. This is not an unexpected result given the higher -donation than π-backdonation of the CO ligand. [17] Thus, the presence of CO favours the oxidation of Rh(I) to Rh(III) and the barrier of the oxidative addition step is lower when catalysed by RhCl(CO) 2 than by RhCl(CO).
Having reached rhodacyclopentene intermediate B3, this intermediate rearranges to B4a or B4b, in which the allene moiety coordinates to the rhodium centre, giving rise to the two possible orientations of the protons for the generation of the syn and anti diastereoisomers. For the synthesis of the anti cycloadduct, loss of a CO ligand in B4b occurs, releasing 2.8 kcal mol -1 to yield B5b. From B5b, insertion of the internal double bond of the allene into the Rh-C(sp 3 ) bond generates rhodacycloheptene intermediate B7b with an anti C-C fusion in a process with a 14.8 kcal mol -1 barrier ( Figure 5 ). On the other hand, B4a evolves to the cycloadduct with the syn C-C fusion, through a pathway that differs from the previous one in two aspects. Firstly, there is no CO dissociation, and, secondly, the insertion of the allene takes place on the Rh-C(sp 2 ) bond of B4a. The energy barrier for the formation of B6a is only 1.4 kcal mol -1 .
The ring closure in B7b towards the anti diastereoisomer was computed to be possible by passing over an energy barrier of 11.0 kcal mol -1 to give B8b. In the pathway leading to the syn diastereoisomer we observed that the stability of B6a significantly increased by 9.6 kcal mol -1 when the two carbonyl ligands were lost to yield B7a. However, looking at the final step, the ring closure process was observed to be more favourable if the carbonyl ligand was recovered, since TS (B6a,B8a) was located at ΔG ‡ = 16.2 kcal mol -1 with respect to the most stable intermediate B7b, which is a much more plausible value than the corresponding reductive elimination via TS (B7a,B8a'), ΔG ‡ = 40.4 kcal mol -1 .
Overall, the catalytic cycle showed itself to be exergonic by 71.6-74.6 kcal mol -1 and the energetic difference between TDI and TDTS was 15.1 kcal mol -1 (oxidative addition) for the anti pathway, and 16.2 kcal mol -1 (ring closure) for the syn pathway. The generation of the two diastereoisomers that have been experimentally detected could be justified by looking at the low energy span differences (1.1 kcal mol -1 ) of the rate-determining steps between the pathways leading to syn-4a and anti-4a, in favour of the anti diastereoisomer, which matches the empirical results. The results of the empirical tests carried out using ESI-M S to detect reaction intermediates support the type of intermediates proposed for this catalytic cycle. We were able to observe peaks corresponding to [RhCl(3)(CO)] species, which corroborate the coordination sphere of the intermediates depicted in Scheme 7. Comparison of the two proposed catalytic cycles allowed us to explain computationally the experimental detection of two diastereoisomers, since very low energetic differences were found between similar potential energy surfaces leading to the syn and the anti diastereoisomers. Furthermore, the difference in selectivity of the two catalytic systems can be attributed to the variation in the coordination sphere of the catalytically -active species: the [RhCl(PPh 3 ) 3 ] catalyst cycle runs on a catalytic species with only a chloride ligand, while the outcome for the [RhCl(CO) 2 ] 2 catalyst relies on the number of carbonyl units coordinated to the metallic centre. On the other hand, the need to heat the system to 100 ºC when [RhCl(PPh 3 ) 3 ] catalyst is employed and to just 60 ºC when [RhCl(CO) 2 ] 2 is used is in accordance with the energy barriers found, since the first requires about 30 kcal mol -1 to complete the cycle and only ca. 15 kcal mol -1 for the second. 
Conclusion
The reactivity of linear allene-(E)-ene-yne substrates bearing an Ntosyl tether was evaluated in the rhodium-catalysed [2+2+2] cycloaddition reaction. Three catalytic systems were tested: the neutral Wilkinson complex, the cationic [Rh(cod) 2 ]BF 4 in combination with a biphosp hine ligand, and the dimeric complex [RhCl(CO) 2 ] 2 . All three catalysts were able to promote the cycloaddition regioselectively involving the internal double bonds of the allene allowing for the preparation of scaffolds featuring exocyclic dienes. However, the diastereoselectivity of the process seems to be catalyst-dependent. Regarding the mechanism operating in these transformations, it is important to highlight that oxidative addition always takes place between the alkyne and the alkene and that the diastereoselectivity is defined later during the allene insertion step. Allene inserts with the inner double bond preferentially the Rh-C sp3 bond. The variable and low diastereoselectivity of the process can be ascribed to the small differences in the rate-determining energy barriers.
Experimental Section
Unless otherwise noted, materials were obtained from co mme rcial suppliers and used without further purification. All reactions requiring anhydrous conditions were conducted in oven-dried glassware under a dry nitrogen atmosphere. The solvents were re moved under reduced pressure with a rotary evaporator. Residues were purified by chromatography on a silica gel column (230 -400 mesh) by using mixtures of hexane/ethyl acetate as the eluent. 1 H and 13 C NMR spectra were measured on a 400 or a 300 MHz NM R spectrometer . 1 H and 13 C che mical shifts (δ) are re ferenced to internal solvent resonances and reported relative to SiMe4. The che mical shifts were assigned on the basis of 2D COSY, NOESY, DOSY, 1 H-13 C HSQC , 1 H-13 C HMB C and 1 H-31 P HMBC experi ments per for med under routine conditions. Electrospray mass spectrometry analyses were recorded on an Esquire 6000 ion trap mass spectrometer (Bruker) equipped with an electrospray ion source, operated in positive ESI(+) ion mode. IR spectra were recorded with an FT-IR using a single reflection ATR system as a sampling accessory.
Rh(I)-catalyzed [2+2+2] c ycloaddition reaction of allene-ene-yne d erivative 3a.
G eneral procedure using catalytic system A (Entry 1, Table 1 ): In a 10 mL twonecked round-bottom flask, a mixture o f 3a (24.6 mg, 0.050 mmol) and tris(triphenylphospine)rhodium(I) chloride (5.6 mg, 0.006 mmol, 10 mol %) was dissolved in anhydrous toluene (3 mL) and heated to 100ºC. The mi xture was stirred for 5h until completion (TLC monitoring). The solvent was removed under reduced pressure and the reaction crude was purified by column chromatography on silica gel using a mixture o f he xanes/ethyl acetate (8:2) as the eluent to a fford 4a (13.8 mg, 56% yield) as a colourless solid. G eneral procedure using catalytic system B (Entry 6, Table 1 ): In a 10 mL twonecked round-bottom flask, a mi xture o f bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate (2.1 mg, 0.0052 mmol, 10 mol %) and (R)-DTBM-S egP hos (6.6 mg, 0.0056 mmol) was dissolved in anhydrous dichloromethane (3 mL) and hydrogenated for 30 min. The solvent was then removed under vacuu m, anhydrous dichloroethane (3 mL) was introduced, and the reaction mixture was heated to 60 ºC. Allene-ene-yne 3a (25.4 mg , 0.052 mmol) was slowly added to the previous mi xture. The mi xture was stirred for 5h until completion (TLC monitoring). The solvent was removed under reduced pressure and the reaction crude was purified by column chromatography on silica gel using a mi xture of hexanes/EtOAc (8:2) as the eluent to afford 4a (7.8 mg, 31% yield) as a colourless solid. G eneral procedure using catalytic system C (Entry 9, Table 1 ): In a 10 mL twonecked round-bottom flask, 3a (24.2 mg, 0.050 mmol) was dissolved in anhydrous toluene (3 mL) and heated to 60 ºC. Di -µ-chloro-tetracarbonyldirhodium(I) (2.37 mg, 0.006 mmol, 10 mol %) was slowly added to the previous solution. The mixture was stirred for 20 min. until completion (TLC monitoring). The solvent was re moved under reduced pressure and the reaction crude was purified by column chromatography on silica gel using a mixture o f he xane/EtOAc (8:2) as the eluent to afford 4a (11.8 mg, 49% yield) as a colourless solid. 21.6, 29.7, 38.3, 39.9, 42.2, 50.8, 51.0, 52.5, 52.9, 115.2, 120.6, 127.1, 127.6, 129.9, 138.0, 138.7, 143.9, 144.3 21.6, 30.9, 38.3, 40.0, 42.2, 50.8, 51.0, 52.5, 53.0, 115.2, 120.6, 127.1, 127.6, 129.8, 129.9, 138.1, 138.8 
